We use a holographic model of quantum chromodynamics to extract the equation of state (EoS) for the cold nuclear matter of moderate baryon density. This model is based on the Sakai-Sugimoto model in the deconfined Witten's geometry with the additional point-like D4-brane instanton configuration as the holographic baryons. Our EoS takes the following doubly-polytropic form: ǫ = 2.629A −0.192 p 1.192 + 0.131A 0.544 p 0.456 with A a tunable parameter of order 10 −1 , where ǫ and p are the energy density and pressure, respectively. The sound speed satisfies the causality constraint and breaks the sound barrier. We solve the Tolman-Oppenheimer-Volkoff equations for the compact stars. We reach the reasonable compactness for the proper choices of A. Based on these configurations we further calculate the tidal deformability of the single and binary stars. We find our results agree with the inferred values of LIGO/Virgo data analysis for GW170817.
INTRODUCTION
Tremendous gravity can transform the ordinary matter in a compact star into exotic nuclear matter such as neutron liquid or quark-gluon plasma, which are hard to produce on earth and whose properties remain to be clarified after decades of studies [1] [2] [3] . By the same token, the gravitational tidal force acting on the nuclear matter of a compact star can cause shape deformation, which can reveal nuclear matter's hydrodynamical properties such as equation of state (EoS). A novel way of observing the tidal deformation is to detect the gravitational wave emitted during the binary merger of compact stars. An recent example is LIGO/Virgo's GW170817 [4] [5] [6] , which has inspired closer examination of the EoS [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . One shall expect to observe more such kind of binary mergers in the coming future to clarify the nature of nuclear matter inferred from the mass, radii and tidal deformability of the compact stars. To detect gravitational waves and perform parameter estimation of the sources by the method of matched filter [25] , one needs to prepare template banks of waveform produced from specific gravity theory and EoS of nuclear matters. Especially, one needs the theoretical understanding of EoS in order to discern the modified gravity's effect from the hydrodynamical one in the waveforms.
However, it is notoriously difficult to derive the EoS of exotic nuclear matters at moderate baryon density, i.e., about a few of the saturation density of nuclei, either from the first principle such as lattice quantum chromodynamics (QCD) by suffering a sign problem at finite chemical potential [26, 27] , or from perturbative QCD and chiral perturbation theory due to a sizable coupling at moderate densities [28] [29] [30] . Therefore, most of EoS currently used for nuclear matter in compact stars are phenomenological. It is important to derive EoS systematically based on some physical principle, and the holographic QCD is suitable for such a purpose.
Holographic QCD is a mean-field theory for QCD in terms of the dual bulk gravity dynamics based on the spirit of AdS/CFT correspondence [31] , and it has been adopted to address many QCD problems with success, e.g., clarify the hydrodynamical nature of quark-gluon plasma [32] [33] [34] [35] [36] [37] realized in the experiments of heavy ion collisions. Among many holographic QCD models, the Sakai-Sugimoto (SS) model [38, 39] , where the mesons are introduced by the D8/D8-branes (or called mesonbrane) in the background of Witten's geometry [40] , is the best model so far with very few free parameters. Unlike the other holographic QCD models [41] [42] [43] , the SS model has spontaneous supersymmetry breaking, and realizes the quark confinement and chiral symmetry breaking in a natural and geometric manner. Moreover, the effective field theory derived from SS model takes the form of the chiral effective Lagrangian, and yields the well-fitted meson and hadron spectra and the decay amplitudes [38, 39, 45] .
Our goal in this paper is to extract EoS of holographic nuclear matters from SS model, and use it to study the properties of the associated compact stars. We start with the SS model in the deconfined Witten's geometry, in which both the broken and unbroken phases of chiral symmetry can be realized. This is suitable for the consideration of QCD at finite baryon density because the chiral symmetry is expected to be restored at high enough baryon density. The baryons are introduced as the D4-brane instanton [44, 45] . Here we will only consider the point-like instanton configuration [46] which should be good enough approximation for the case of moderate baryon density. Our EoS has only one tunable parameter, and by the proper choice we find the mass, radius and tidal deformability of the compact stars are in excellent agreement with the inferred values from the data analysis of GW170817 [4] [5] [6] . Compact stars with EoS from more general instanton configurations with finite size and multi-layers [47] [48] [49] [50] will be considered in the future works.
HOLOGRAPHIC NUCLEAR MATTERS
The meson-brane action of the SS model consists of the non-Abelian Dirac-Born-Infeld (DBI) action and the Chern-Simons (CS) action. For our study of holographic uniform nuclear matter, the total action is formally given by [38, 39, 45] 
where u is the radial coordinate of Witten's geometry, and V and T denote spatial volume and temperature of the dual QCD, respectively. Besides, x 4 (u) is the profile of meson-brane wrapping around the Kaluza-Klein x 4 circle of Witten's geometry; a 0 is the 0-th component of the U B (1) part of the
flavor gauge field, whose boundary value is holographic dual to the baryon chemical potential, i.e., µ = a 0 (∞); and A µ (u; m i ) is the D4-brane instanton configuration of SU (N f ) part of the flavor gauge field with moduli m i 's.
We will set one of m i 's, say m 0 = u c which is the location of the D4-brane instanton on the meson-branes. We can scale the variables so that u and L are dimensionless, and all the dimension is encoded in the constant N , which is given by
where N c is the color number, λ Y M the 't Hooft coupling and M KK is the mass gap of the holographic QCD. There are two scenarios of studying the holographic baryonic matters in SS model. The first one is to consider the antipodal separation of D8 and D8 in the confined Witten's geometry which ensures the chiral symmetry is always broken. The antipodal separation means ℓ = π with
where L is the asymptotic separation of D8 and D8. This scenario is used to describe QCD states in the mesonic vacuum and yields well-fitted decay amplitudes, meson and baryon spectra [38, 39, 45] , and serves as a reference for our study based on the second scenario. One can fit the parameters in (2) by comparing the predicted values of physical pion decay constant and the rho meson mass with the experimental data, so that the results are
Thus, N = 1.18397 × 10 10 MeV 4 which will be adopted later on.
The second scenario is to consider the decompactified limit of D8 and D8, i.e., ℓ ≪ π, in the deconfined Witten's geometry, which is a black hole with with a blacken
T M KK . In this geometry, the chiral symmetry can be restored at high enough temperature or baryon density. This is similar to the key feature of NambuJona-Lasinio (NJL) model. This scenario is thus the holographic version of NJL model [50] [51] [52] and is suitable for the purpose of this work to study QCD at moderate baryon density, which is the arena for the nuclear matter inside the neutron stars.
Given a D4-brane instanton configuration, one can solve the equations of motion for a 0 and x 4 to obtain the on-shell meson-brane action, and then interpret it as the (dimensionless) grand canonical potential density given the baryon density n I , i.e.,
Here the dimensionless baryon density n I is related to the D4-brane instanton number, and appears as the overall coefficient of the CS term, i.e.,
with q[u; m i ] the radial instanton profile normalized by
For a given set of T and µ, the thermal equilibrium configuration can then be obtained by minimizing Ω w.r.t. n I and m i 's, i.e.,
This gives n I (µ, T ) and m i (µ, T ) for the thermal equilibrium configuration at temperature T and chemical potential µ so that one can derive the other thermal dynamical quantities such as the pressure p QCD = −Ω, the entropy density s = − ∂Ω ∂T | µ , and the energy density ǫ QCD = Ω + n I µ + T s. Note also n I = − ∂Ω ∂µ | T . From these one can extract the EoS of the nuclear matter 1 . Here and in the following, we will adopt the scalings as done in [50] so that n I , ǫ QCD and p QCD are dimensionless partners of the dimensionful n b , ǫ and p, respectively. After restoring the dimension and ℓ-dependence, we have the dimensional quantities, i.e.,
In this framework, the resultant EoS depends on the choice of the D4-brane instanton configuration and the form of the L DBI since there is no consensus form of nonAbelian DBI action. In this work, we choose the so-called point-like D4-brane instanton configuration proposed by [46] , for which q[u, u c ] = δ(u − u c ) in (6) and
(9) The first term is the U (1) B DBI action without instanton, and the second term is the source Lagrangian of D4-brane instanton located at u = u c . The point-like instanton configuration will not restore chiral symmetry at high baryon density [46, 50] , but should capture the feature of nuclear matter inside neutron stars. In [47, 50] more general instanton configurations and DBI actions are proposed in order to recover the chiral symmetry restoration through a hadron-quark phase transition at high enough baryon density. These configurations could be relevant when holographically considering the twin stars [53] [54] [55] [56] [57] [58] [59] [60] [61] , hybrid star of mixing both hadrons and quarks.
EQUATION OF STATE
To extract the EoS of the holographic nuclear matter, we need to numerically solve the integral equations (3) and (7). Using the solutions we can evaluate n I , p QCD and ǫ QCD as the functions of T and µ, from which we then numerically fit the EoS by the piecewise (multi)-polytropic form. We find that for small value of p QCD , i.e., p QCD ∈ [0, 0.1], the EoS can be fitted well by a doubly-polytropic function
where κ 1,2 and γ 1,2 depend only on the temperature T . It turns out that this regime of p QCD is the one for producing reasonable features of neutron stars, such as mass, core pressure and energy density. On the other hand, for the higher p QCD > 10, the EoS can be fitted by piecewise single-polytopic form: ǫ QCD = κp for T = 0.05M KK , i.e., T = 47.45 Mev for M KK = 949 Mev. Note that this temperature is considerably high from typical astrophysical point of view for a neutron star, however, we see that its effect to EoS is quite small. Thus, we will neglect the temperature effect in the following discussions. Moreover, the sound speed squared v 2 s := ∂p/∂ǫ derived from our EoS (10) and (11) satisfies the causality constraint, i.e., v 2 s < 1 and also break the sound barrier, i.e., v 2 s > 1/3. Thus, our EoS is stiff enough to support more massive neutron stars. This is in contrast to the holographic neutron star model based on D3/D7-branes proposed in [62] [63] [64] , where they need the additional inputs outside their model to break the sound barrier.
We can also fit the relation between n I and p QCD , and the result for T = 0 in the regime p QCD ∈ [0, 0.1] is n I = 0.617 p 0.441 QCD + 2.300 p 1.074
If we adopt (4) with N c = 3, then from (8) it gives n b = 0.12ℓ −5 n I n s where n s = 0.16/fm 3 is the saturation density of nuclei. The baryon density inside a typical neutron star is about 2n s to 10n s [1] . Thus, this requires ℓ −5 n I > 10.
As we will use EoS to solve the Tolman-OppenheimerVolkoff (TOV) equations to get the mass-radius relation and furthermore to calculate the tidal deformability of neutron stars, it is better to write the EoS again in terms of dimensionless pressure p T OV := p/p ⊙ and energy density ǫ T OV = ǫ/ǫ ⊙ which are however with respect to astrophysical units:
where G N is the Newton constant and M ⊙ is the solar mass. Thus, we can turn (10) into
with (14) is a one-parameter family of EoS parameterized by A. In the following we will adopt (4) with N c = 3 so that A = 1.79316 × 10 −5 × ℓ −7 , which is equivalently to be parametrized by ℓ ≪ π.
Next, we need to estimate the order of magnitude of A (or ℓ) if adopt (4) with N c = 3 to fix the EoS for the use of solving TOV equations and the tidal deformability. The typical core pressure of neutron star is about 10
−2 , thus we should have ℓ −7 about 10 4 for the core pressure to be 10 −3 p ⊙ . Moreover, from (8) we have n I ∼ p QCD ∼ 10 −2 . Combing with the fact that ℓ −7 ∼ 10 4 (or A ∼ 0.1), we have ℓ −5 ∼ 10 3 so that the requirement ℓ 5 n I > 10 for the neutron star's baryon is also satisfied. Indeed, we will see that our EoS (14) with ℓ −7 ∼ 10 4 do yield the reasonable mass-radius relation and the tidal deformability fitted well with the observational data of GW170817 [4, 5] .
THE HOLOGRAPHIC STARS
Based on EoS (14), we solve TOV equations for different values of ℓ −7 with the prescribed order of magnitude around 10 4 , and then yield the mass-radius (M vs R) relation of the holographic stars, etc. In Fig. 1 we show (a) the mass-radius relation and (b) the relation between the core pressure and the mass (p c vs M ), for ten values of ℓ −7 equally ranging from 10000 to 19000, which are labelled from 0 to 9, respectively. We see that the maximal mass can reach more than 2M ⊙ for ℓ −7 ≤ 13000. In (a) of Fig. 1 the lowest maximal mass is about 1.62M ⊙ for ℓ −7 = 19000, and we expect this value will be lower if one further increases ℓ. We choose 1.62M ⊙ because it is still larger than the upper bound 1.6M ⊙ shown in the data analysis of GW170817 [4, 5] . Moreover, we can also infer that the compactness M/R increase as ℓ −7 increases. In (b) of Fig. 1 we see that the core pressure is about 10 −3 p ⊙ as reasoning above, and it also implies that the baryon density should be around a few n s . (14) with parameter ℓ −7 equally ranging from 10000 to 19000, which are labelled from 0 to 9, respectively. Note that the maximal mass can reach more than 2M⊙ for ℓ −7 ≤ 13000. The lowest maximal mass is about 1.62M⊙ for ℓ −7 = 19000. This is in contrast to the inferred value of maximal mass 1.6M⊙ of GW170817. Note also that the typical core pressure is about 10 −3 p⊙.
We see that our EoS satisfies the causality constraint, breaks the sound barrier, and can be stiff enough by tuning ℓ to support the star with mass larger than than 2M ⊙ as required by astrophysical observations [1] . However, we can constrain ℓ further by also evaluating the tidal deformability and compare with the inference values from observation data of GW170817 [4, 5] . The tidal deformability characterizes how the shape of the star is deformed by the external gravitational field, and is defined as the dimensionless coefficient Λ in the following linear response relation
where M is the mass of the star, Q ij is the induced quadrupole moment, and E ij is the external gravitational tidal field strength. Given the EoS and a neutron star configuration, we can follow the perturbative method of [65] to calculate the tidal deformability. For our EoS (14) and the star configurations shown in Fig. 1 , the relation of tidal deformability and mass (Λ vs M ) is shown in Fig. 2 . We see that Λ increases as ℓ −7 decreases, this implies that it is easier to deform for less compact star as intuitively expected. (14) with the same set of values and labels for ℓ as in Fig. 1 . The results show that it is easier to deform the less compact stars. We see from Fig. 2 that Λ covers a very large range. However, the data analysis of GW170817 [4, 5] shows that the tidal deformability is moderately constrained. As GW170817 is a system of binary neutron stars, the data is fitted for the following combined quantitỹ Λ = 16 13
where M 1,2 are the masses of two neutron stars with M 1 < M 2 , and Λ 1,2 are their associated tidal deformabilities. The analysis of GW170817 in [4, 5] yields an estimate onΛ = 300 +420 −230 . This will serve as a further constraint on ℓ −7 of our EoS. To obtainΛ for our EoS and star configurations, we first fit the curve of M 1 vs M 2 for the low-spin prior in Fig. 5 of [5] with M 1 + M 2 ≈ 2.7M ⊙ , and then plug into (16) to getΛ vs M 1 . The result is shown in Fig. 3 . We see that the Λ's in Fig. 2 are too large for lower ℓ −7 so that we present only the ones closer to the estimate of [4, 5] . From Fig. 3 we see that only the ones ℓ −7 = 17000, 18000 and 19000 are consistent with the observation. However, for these two cases or the ones of higher ℓ −7 where our predicted radii shown in Fig. 1 are also consistent with the inferred values of LIGO/Virgo observation of GW170817, i.e., R 1 = 10.8 [6] , the maximal mass is less than 1.7M ⊙ , which is less than 2M ⊙ .
CONCLUSION
From our study, we see that the tidal deformability gives a more stringent constraint on our 1-parameter family of EoS, which requires ℓ −7 should be larger than 17000. This however rule out the possibility of having 2M ⊙ stars. Despite that, our EoS enjoy all the other nice features of a neutron star's EoS, i.e., simple polytropic, satisfying the causality constraints, breaking sound barrier, and the most importantly, deriving almost from first principle for strongly interacting QCD and in excellent agreement with observation of GW170817. It is reasonable to conjecture that the more massive stars are hybrid twin stars [53] [54] [55] [56] [57] [58] [59] [60] [61] with a more dense quark star core surrounded by the shell of holographic nuclear matter dictated by our EoS. One can generate the EoS for the holographic dense quark matter by a more general D4-brane instanton configurations, such as the instanton gas ones proposed in [47, 50] . We are currently working on this and will report in the near future. 
